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Group A streptococcus (GAS[4](#fn4){ref-type="fn"}; *Streptococcus pyogenes*) is an important human Gram-positive pathogen responsible for a wide spectrum of infections, ranging from mild diseases (*e.g.* tonsillitis) to serious illness (*e.g.* necrotizing fasciitis, sepsis, or severe poststreptococcal sequelae) ([@ref1]). The persistence of GAS in the human population and the severity of some GAS diseases are the result of activities of a number of virulence factors that enable the pathogen to escape immune surveillance or, on contrary, induce an overreaction of the immune system ([@ref2], [@ref3]). Although GAS is generally regarded as an extracellular pathogen, recent findings suggest that GAS can survive (although not multiply) within various host cells, such as neutrophils, macrophages, epithelial cells, and fibroblasts ([@ref4]--[@ref7]). The surviving bacteria may serve as a reservoir for recurrent GAS diseases.

Immune responses to bacteria are initiated by recognition of bacterial components called pathogen-associated molecular patterns through host cell-encoded pattern recognition receptors (PRRs) ([@ref8], [@ref9]). Typically, pathogen-associated molecular patterns are components of the bacterial cell wall (*e.g.* lipopolysaccharide and lipoteichoic acid), but they may also be derived from the inside of bacteria (*e.g.* DNA). The primary function of PRRs is to trigger signaling cascades that activate antimicrobial defense programs. The best studied class of PRRs is the Toll-like receptor (TLR) family, which consists of 13 transmembrane glycoproteins in mammals ([@ref8]). Virtually all pathogenic bacteria are recognized by one or more TLRs, with TLR2 being the receptor for lipoteichoic acid of Gram-positive bacteria, TLR4 the receptor for lipopolysaccharide of Gram-negative bacteria, and TLR9 the receptor for bacterial DNA containing unmethylated CpG sequences. Ligand binding to TLR3, TLR4, TLR7, and TLR9 but not to TLR2 launches two distinct signaling pathways that result in the production of proinflammatory cytokines (*e.g.* TNFα and IL-1) and type I IFNs, respectively. Five TIR domain-containing adaptor molecules are involved in signaling downstream of TLRs: MyD88, TIRAP (or MAL), TRIF (or TICAM1), TRAM (or TICAM2), and SARM, a negative regulator of TRIF ([@ref10]). MyD88, an essential signaling component of all TLRs except TLR3, is required for activation of MAPKs and NF-κB that cause production of proinflammatory cytokines. Signaling components that are required for the production of type I IFNs are less uniform, and they are partially TLR- and cell type-specific. Recently, much attention has been paid to the elucidation of pathways leading to TLR-independent production of type I IFN in response to intracellular bacteria and/or intracellular DNA ([@ref11]--[@ref14]). Although the identity of the critical PRR remains unknown, it is generally believed that it is a cytoplasmic molecule that recognizes bacterial products (possibly bacterial DNA) in the cytoplasm. Signaling downstream of this unknown PRR employs the serine threonine kinase TBK1 or, less frequently, its relative IKK ([@ref15]--[@ref18]), which phosphorylates primarily the transcription factor IRF3, causing the activation of the IFN-β gene, the first type I IFN to be expressed ([@ref19], [@ref20]). Other cytoplasmic PRRs, such as the NOD proteins, recognize bacterial products in the cytoplasm and activate MAPKs and NF-κB but not IFN production ([@ref21]).

Despite a considerable knowledge of GAS virulence factors, the PRRs that are responsible for recognition of this pathogen by the host are unknown. Remarkably little information is available also about the signaling pathways triggered by GAS in infected innate immune cells that are known to be required for defense against GAS ([@ref22]). Here we show that GAS activates p38 MAPK, NF-κB, TNFα, and IL-6 production in infected bone marrow-derived mouse macrophages (BMDMs). Similar to other bacteria, these responses depend on MyD88. However, in contrast to most other pathogenic bacteria, the MyD88-mediated signaling was independent of TLR2, the receptor for Gram-positive bacteria, and the other bacterial receptors TLR4 and TLR9. We also rule out the involvement of IL-1 receptor signaling. We further demonstrate that GAS also elicits MyD88-independent signaling that results in type I IFN production. The IFN production did not require the presence of the GAS-encoded cytolysins SLO and SLS. This finding is surprising, since during infections with other Gram-positive bacteria, either the cytolysin itself or cytolysin-mediated cytoplasmic escape of bacteria from phagocytic vesicles was implicated in triggering IFN production ([@ref12], [@ref23]--[@ref25]). However, the requirement for IRF3 in the IFN production suggested that other aspects of the GAS-induced IFN production resembled the well established TBK1/IRF3 signaling pathway. This is the first description of activation of MyD88-dependent and -independent pathways upon GAS infection. Our data implicate that GAS is recognized by a yet unknown receptor upstream of MyD88 and establish GAS as a Gram-positive pathogen capable of inducing type I IFN synthesis without molecules usually required for entry of bacterial products into the cytoplasm of infected cells.

EXPERIMENTAL PROCEDURES
=======================

*Bacterial Strains*---*Escherichia coli* DH5-α and TOP10 were used as hosts for cloning. *S. pyogenes* serotype M1 (ATCC 700294) is a clinical strain originally isolated from an infected wound. The isogenic *sagA*- and *slo*-deficient mutants were constructed using a thermosensitive strategy described previously ([@ref26]). First, using wild-type genomic DNA as template and primers containing flanking restriction sites, a 1111-bp *sagA* upstream fragment (primers OLEC120/OLEC143), a 1200-bp *sagA* downstream fragment (primers OLEC123/OLEC144), a 1159-bp *slo* upstream fragment (primers OLEC248/OLEC249), and a 1033-bp *slo* downstream fragment (primers OLEC250/OLEC251) were amplified. After digestion with the respective restriction enzymes, the upstream and downstream fragments were cloned into thermo-sensitive plasmids pRDN18 (*sagA*-deficient mutant) and pEC84 (*slo*-deficient mutant) ([@ref26]). After introduction of the recombinant plasmids into *S. pyogenes* ATCC 700294, a series of temperature shifts with appropriate antibiotic selection was performed, thus leading to the final deficient mutants (strain EC548 (*sagA*-deficient mutant) and EC997 (*slo*-deficient mutant)) in which the entire coding sequence of the gene was deleted in a nonpolar fashion. To create the *sagA*/*slo*-deficient strain (EC1142), the deletion of *slo* was performed as mentioned above in the background of the *sagA*-deficient strain. The correct deletion event in the mutants was checked by PCR, Southern blot, and sequencing analysis. SLS and SLO hemolysis assays further confirmed that the *sagA-, slo*-, and *sagA*/*slo*-deficient mutants were defective in SLS and/or SLO activity as described ([@ref27], [@ref28]). DNA manipulations are described in the supplemental materials.

*Bacterial Culture*---*S. pyogenes* strains were grown at 37 °C with 5% CO~2~ without agitation in Todd-Hewitt broth (BD Biosciences) supplemented with 0.2% yeast extract and on tryptic soy agar supplemented with 3% defibrinogated sheep blood. Transformation of *E. coli* and *S. pyogenes* was performed as previously described ([@ref29], [@ref30]). Whenever required, antibiotics were added to the medium at the following final concentrations: erythromycin, 300 μg/ml for *E. coli* and 3 μg/ml for *S. pyogenes*; spectinomycin, 100 μg/ml for both *E. coli* and *S. pyogenes*. Bacterial cell growth was turbidimetrically monitored at 620 nm with a microplate reader.

*Macrophage Cell Culture*---Primary BMDMs were obtained from the femur bone marrow of 6--10-week-old mice. Cells were cultivated in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal calf serum in the presence of L cell-derived CSF-1, as described ([@ref31]). MyD88^--/--^, TLR2^--/--^, TLR4^--/--^, TLR9^--/--^, TLR2/4/9^--/--^, IFNAR1^--/--^, IRF3^--/--^, IL1-RI^--/--^, and control WT mice, all on a C57Bl/6 background, were housed under specific pathogen-free conditions ([@ref32]--[@ref36]).

*GAS Infections*---For infection assays, BMDMs were seeded at 5 × 10^6^ cells/dish in 10-cm dishes containing medium without antibiotics. The next day, *S. pyogenes* cultures grown in THY were harvested at midlogarithmic phase, washed with phosphate-buffered saline, and added to the BMDM monolayers at a multiplicity of infection (MOI) of 100. After 30 min of incubation at 37 °C, nonadherent extracellular bacteria were eliminated by removing the culture medium, and adherent extracellular bacteria were subsequently killed by incubation with fresh medium (without fetal calf serum) containing 60 μg/ml penicillin. At specific time points after infection, supernatants were collected for ELISA, and whole cell extracts were prepared for Western blot analysis. At least three mice of each genotype were used in all infection experiments.

FIGURE 1.**GAS-induced inflammatory signaling and the production of TNFα and IL-6 depends on MyD88 but not on TLR2, TLR4, and TLR9.** *A--E*, BMDMs from TLR2^--/--^ (*A*), TLR4^--/--^ (*B*), TLR9^--/--^ (*C*), TLR2/4/9^--/--^ (*D*), MyD88^--/--^ (*E*), and WT control mice were infected with GAS (MOI 100). At the indicated time points, whole cell extracts were prepared and analyzed by Western blotting using antibodies to phosphorylated p38 MAPK (*pp38*; *top*) and to IκB (*bottom*). Equal loading was controlled by reprobing the membrane with antibody to total p38 MAPK. *F* and *G*, BMDMs derived from TLR2/4/9 triple-deficient (TLR2/4/9^--/--^) (*F*), MyD88^--/--^ (*G*), and control mice were infected with GAS (MOI 100). At the indicated time points, supernatants were collected, and TNFα (*left*) and IL-6 release (*right*) was measured by ELISA. The data represent one of at least three infection experiments carried out independently with different mice of each genotype.

*Antibodies*---Antibodies to Tyr^701^-phosphorylated Stat1 (pY701-S1) and phosphorylated p38 (pp38) were purchased from Cell Signaling (Frankfurt/Main, Germany). Antibodies to IκB-α and p38 were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibody to Stat1-α C terminus was previously described ([@ref37]).

*ELISA and Western Blot Analysis*---For ELISAs, supernatants of infected macrophages were collected and diluted 1:5 in reagent diluent. TNFα and IL-6 were assayed using DuoSET ELISA kits (R&D Systems, Minneapolis, MN). Western blot analysis was performed using fluorophore-linked secondary antibodies (Molecular Probes-Invitrogen (Lofer, Austria) and Rockland (Gilbertsville, PA)) and an Odyssey infrared imaging system (LI-COR Bioscience, Lincoln, NE).

*qRT-PCR*---Total RNA was isolated using Trizol® LS reagent (Invitrogen). Reverse transcription of total RNA was performed using oligo(dT)~18~ as primer and Moloney murine leukemia virus reverse transcriptase (Fermentas, St. Leon-Rot, Germany). The cDNA of the IFN-β and Mx2 genes was subsequently analyzed by qRT-PCR as described in the supplemental materials.

RESULTS
=======

*GAS Activates Inflammatory Signaling Independently of TLR2, TLR4, and TLR9*---To investigate the role of bacteria-recognizing TLRs in responses to GAS infection, we examined the activation of the transcription factor NF-κB by assaying the degradation of its inhibitor (IκB) and the phosphorylation of p38 MAPK in infected BMDMs. Activation of both NF-κB and p38 MAPK was shown in numerous studies to be essential for production of proinflammatory cytokines ([@ref38]--[@ref42]). Furthermore, macrophages express all components of the TLR signaling cascade and are known to be required for defenses against GAS infection ([@ref22]). We first compared the activation of p38 MAPK and NF-κB in WT and TLR2^--/--^ BMDMs, since many Gram-positive pathogens are recognized by this receptor. GAS induced in both WT and TLR2^--/--^ BMDMs a rapid and sustained activation of p38 MAPK ([Fig. 1*A*](#fig1){ref-type="fig"}). The degradation of IκB was maximal after 1 h of infection. IκB gradually reappeared at later time points but did not reach the original level during the time frame of observation (up to 4 h). The internalization of GAS (monitored by fluorescence microscopy) was equally efficient in cells of both genotypes (data not shown). These data demonstrate that TLR2 was not required for GAS-induced signaling. Other TLRs frequently engaged by bacteria are TLR4 and TLR9. TLR4 is the receptor for lipopolysaccharide of Gram-negative bacteria, but it has been shown to recognize also cell wall components of mycobacteria and several cytolysins of Gram-positive bacteria ([@ref25], [@ref43], [@ref44]). TLR9, a CpG DNA receptor localized in endosomal and lysosomal membranes of macrophages and, most prominently, dendritic cells, can bind DNA from both Gram-positive and Gram-negative species ([@ref35], [@ref45]). Similar to TLR2^--/--^ BMDMs, the activation of p38 MAPK and degradation of IκB in TLR4^--/--^ and TLR9^--/--^ BMDMs was indistinguishable from WT BMDMs ([Fig. 1, *B* and *C*](#fig1){ref-type="fig"}). To examine whether a combination of TLR2, TLR4, and TLR9 was used for GAS recognition, we analyzed GAS-induced signaling in TLR2/4/9 triple-deficient BMDMs. As depicted in [Fig. 1*D*](#fig1){ref-type="fig"}, the signaling events in triple-deficient BMDMs were comparable with WT cells. These data exclude a redundant function of TLR2, TLR4, and TLR9 in GAS recognition and demonstrate that macrophages sense GAS using a PRR other than the most common bacterial receptors.

*GAS-induced Inflammatory Signaling Depends on MyD88*---All TLRs except for the double-stranded RNA receptor TLR3 require MyD88 for activation of MAPKs, NF-κB, and the subsequent proinflammatory cytokine production. To investigate whether MyD88 was involved in GAS-induced inflammatory signaling, we examined the activation of p38 MAPK and degradation of IκB in infected MyD88^--/--^ BMDMs. The experiment revealed that GAS-induced activation of p38 MAPK was almost completely abolished, and the degradation of IκB was strongly diminished in MyD88^--/--^ cells when compared with WT cells ([Fig. 1*E*](#fig1){ref-type="fig"}). A weak p38 MAPK activation and IκB degradation were observed in MyD88^--/--^ cells at later time points of infection. Thus, the GAS-induced inflammatory signaling was markedly reduced and delayed in MyD88^--/--^ cells. The activation of MAPKs and NF-κB plays a fundamental role in induction of proinflammatory cytokines, such as TNFα or IL-6. To estimate the effect of reduced GAS-induced inflammatory signaling in MyD88^--/--^ BMDMs, we determined the amounts of secreted TNFα and IL-6 in supernatants of GAS-infected MyD88^--/--^ and control WT cells. In parallel, we also measured TNFα and IL-6 production by infected TLR2/4/9 triple-deficient cells. Infection of WT BMDMs with GAS resulted in a robust cytokine production that was only slightly reduced (by less than 20%) in TLR2/4/9 triple-deficient cells ([Fig. 1*F*](#fig1){ref-type="fig"}). In marked contrast, TNFα and IL-6 production was completely abolished in GAS-infected MyD88^--/--^ BMDMs ([Fig. 1*E*](#fig1){ref-type="fig"}). These data show that GAS-induced proinflammatory cytokine production is absolutely dependent on MyD88. The slight but reproducible reduction of cytokine production by TLR2/4/9 triple-deficient BMDMs indicates that one of these TLRs or a combination of them plays a minor role in GAS-induced proinflammatory cytokine production. However, the largest part of GAS-induced inflammatory cytokine production is mediated by a receptor (or receptors) different from the most common bacteria-specific TLRs. Importantly, this receptor signals via MyD88. The only other known pathways that use the adaptor MyD88 for signaling are the IL-1/IL-18 pathways ([@ref32]). Although IL-18 is most relevant for the activation and IFN-γ production by Th1 cells ([@ref46]), IL-1 has been reported be released by innate immune cells upon infection with various pathogens that are sensed in the cytoplasm by components of the inflammasome ([@ref47]--[@ref49]). To investigate whether IL-1 release by GAS-infected macrophages is responsible for the MyD88-dependent inflammatory signaling, we infected cells deficient in IL1-RI, the most important IL-1 receptor chain ([@ref50]). As shown in [Fig. 2](#fig2){ref-type="fig"}, the activation of p38 MAPK, the degradation of IκB, and TNFα production were not affected by the deficiency in IL-1 signaling. These data further strengthen our notion that GAS is sensed by a yet unidentified receptor upstream of MyD88.

FIGURE 2.**IL-1 signaling is not required for responses of BMDM to GAS infection.** *A* and *B*, BMDMs from IL-1RI^--/--^ and control (WT) mice were infected with GAS (MOI 100) for the indicated periods. p38 MAPK activation (*pp38*) (*A*) and degradation of IκB (*B*) were determined by Western blot analysis. Equal protein loading was confirmed by reprobing the membrane with antibody to total p38 MAPK. *C*, BMDMs derived from IL-1RI^--/--^ and control mice were infected with GAS (MOI 100). At the indicated time points, supernatants were collected, and TNFα release was measured by ELISA. The data represent one of at least three infection experiments carried out independently with different mice of each genotype.

*GAS Induces Type I Interferon*---Gram-negative and intracellular bacteria are known to elicit MyD88-independent signaling that causes activation of the transcription factor IRF3 and subsequent transcription of the type I IFN-β. The mechanisms of IFN production induced by these two types of bacteria differ upstream of IRF3. Whereas Gram-negative bacteria use TLR4 to stimulate IFN production, intracellular bacteria are recognized by a still unknown cytoplasmic receptor. Engagement of TLR9 can also trigger IRF3/IRF7-mediated type I IFN expression. GAS has been previously reported to induce IFN production in primary human macrophages ([@ref51]). We asked whether GAS can exert similar effects in mouse macrophages and what the role of MyD88 or the bacteria-specific TLRs therein is. First, tyrosine phosphorylation of the crucial IFN-activated transcription factor Stat1 was analyzed. Tyrosine phosphorylation of Stat1 is a good indicator for autocrine IFN-β production, since this cytokine is the first IFN to be synthetized upon challenge of macrophages with bacteria or their products ([@ref52]--[@ref54]). Infection of BMDMs with GAS revealed induction of Stat1 tyrosine phosphorylation after 4 h of infection of WT BMDMs ([Fig. 3, *A* and *B*](#fig3){ref-type="fig"}). This late tyrosine phosphorylation is similar to challenges with other bacteria (*e.g. Listeria monocytogenes*) that do not induce IFN synthesis through direct engagement of an IFN-inducing TLR ([@ref23]). Consistently, Stat1 activation proceeded independently of MyD88 and TLR2, TLR4, and TLR9 signaling, as shown by GAS infection of BMDMs from MyD88^--/--^ ([Fig. 3*A*](#fig3){ref-type="fig"}), TLR2^--/--^, TLR4^--/--^, TLR9^--/--^ (all in Fig. S1), or TLR2/4/9 triple-deficient ([Fig. 3*B*](#fig3){ref-type="fig"}) mice. In fact, Stat1 tyrosine phosphorylation was slightly but reproducibly increased in MyD88^--/--^ and TLR2/4/9 triple-deficient BMDMs ([Fig. 3, *A* and *B*](#fig3){ref-type="fig"}) when normalized to total Stat1 levels. Since the Stat1 levels were generally slightly lower in BMDMs derived from the gene-targeted mice compared with WT controls, the Western blots were reprobed with p38 antibody to allow a more accurate normalization. Reduced Stat1 levels have been already previously observed in cells that are deficient in IFN or TLR/MyD88 signaling ([@ref11], [@ref55], [@ref56]). To directly assess IFN-β expression, we performed qRT-PCR to determine IFN-β mRNA levels in cells infected with GAS. The data shown represent relative IFN-β mRNA levels normalized to GAPDH mRNA. We did normalize to uninfected cells, since the IFN-β mRNA was very often below the levels that could be reliably detected by qRT-PCR. The experiment confirmed that the IFN-β expression was independent of TLR2, TLR4, and TLR9 ([Fig. 3*D*](#fig3){ref-type="fig"}). The IFN-β mRNA was also induced upon infection of MyD88^--/--^ cells with GAS, albeit the amount was reduced if compared with WT cells ([Fig. 3*C*](#fig3){ref-type="fig"}). The reduced IFN-β mRNA levels in MyD88^--/--^ did not result in diminished IFN signaling, since Stat1 activation was increased in these cells if compared with the controlled BMDMs ([Fig. 3*A*](#fig3){ref-type="fig"}). The functional activation of IFN/Jak/Stat signaling in MyD88^--/--^ and WT cells was further confirmed by the induction of the type I IFN target gene *Mx2* ([@ref57]). The transcription of *Mx2* was induced in both the control and MyD88^--/--^ BMDMs with a kinetics that correlated well with the activation profile of Stat1 ([Fig. 3*E*](#fig3){ref-type="fig"}). Moreover, *Mx2* transcription was more strongly induced in MyD88^--/--^ cells that also display increased Stat1 activation. Thus, despite the decreased IFN-β mRNA, the IFN/Jak/Stat1 signaling was more efficiently turned on in MyD88^--/--^ cells, suggesting that the increased Stat1 phosphorylation was caused by a more efficient phosphorylation or a lower dephosphorylation rate. To prove the autocrine/paracrine role of the type I IFN in Stat1 activation, we examined Stat1 activation and IFN responses using BMDMs lacking the type I IFN receptor chain 1 (IFNAR1^--/--^). As shown in [Fig. 4*A*](#fig4){ref-type="fig"}, Stat1 tyrosine phosphorylation was completely abolished in GAS-infected IFNAR1^--/--^ cells despite robust induction of IFN-β gene transcription in these cells ([Fig. 4*A*](#fig4){ref-type="fig"}). Consistently, the induction of the type I IFN-responsive gene *Mx2* was entirely dependent on signaling by the IFNAR1 receptor ([Fig. 4*C*](#fig4){ref-type="fig"}). In most cell types, activation of the transcription factor IRF3 launches a feed forward type I IFN amplification loop through induction of IFN-β that drives the expression of IFN-αs ([@ref19], [@ref20], [@ref58]). Thus, a failure in activation of IRF3 results in a deficient production of both the immediate IFN-β and the late phase IFN-αs. To further elucidate the mechanism of GAS-induced IFN production, we infected IRF3^--/--^ BMDMs with GAS and examined the activation of the transcription factor Stat1 and induction of the Stat1 target gene *Mx2*. Both the tyrosine phosphorylation of Stat1 and the transcription of the type I IFN-inducible gene *Mx2* were diminished in IRF3^--/--^ ([Fig. 4, *B* and *D*](#fig4){ref-type="fig"}), whereas the MyD88 pathway was not affected by the IRF3 deletion, as revealed by p38 MAPK activation. These data demonstrate that GAS has the ability to induce IFN-β synthesis and IFN signaling in a way that mechanistically resembles the IFN-β activation by intracellular Gram-positive pathogens.

FIGURE 3.**GAS induces IFN-β production and Stat1 activation independently of MyD88, TLR2, TLR4, and TLR9.** *A* and *B*, BMDMs from control (WT), MyD88^--/--^ (*A*), and TLR2/4/9 triple-deficient (TLR2/4/9^--/--^) (*B*) mice were infected with GAS (MOI 100), and whole cell extracts were prepared after the indicated time periods. Stat1 Tyr^701^ phosphorylation and expression were determined by Western blotting using antibody to phosphorylated Stat1 (pY-S1) and total Stat1. Differences in Stat1 expression levels were revealed by reprobing the membrane with antibody to total p38 MAPK (p38). Note the double band on the pY-S1 blot represents the phosphorylated forms of both Stat1 splicing isoforms Stat1-α and Stat1-β. Loading control (S1) was performed with antibody directed to the C terminus of Stat1, which is absent in the Stat1-β isoform. *C* and *D*, BMDMs from wild type, MyD88^--/--^ (*C*), and TLR2/4/9 triple-deficient (TLR2/4/9^--/--^) mice (*D*) were exposed to GAS (MOI 100). After the indicated time points, total mRNA was extracted, reverse-transcribed, and analyzed by qRT-PCR for IFN-β and GAPDH (for normalization) expression. Note that the data show relative IFN-β mRNA levels normalized to GAPDH but not to uninfected samples. *E*, GAS-induced IFN-β stimulates transcription of type I IFN target gene *Mx2*. BMDMs from MyD88^--/--^ and control (wild type) mice were exposed to GAS, and 2.5, 4, and 6 h postinfection (*hours p.i.*), total mRNA was extracted, reverse-transcribed, and analyzed by qRT-PCR for *Mx2* after normalizing to GAPDH and uninfected samples. *Bars*, S.D. of three experiments.

FIGURE 4.**GAS-induced IFN signaling depends on IRF3 and IFNAR1.** *A* and *B*, BMDMs from control (WT), IFNAR1^--/--^ (*A*), and IRF3-deficient (*IRF3*^--/--^) (*B*) mice were infected with GAS (MOI 100), and whole cell extracts were prepared 2.5, 4, and 6 h postinfection. Stat1 Tyr^701^ phosphorylation and expression were determined by Western blotting using antibody to phosphorylated Stat1 (pY-S1) and total Stat1. Differences in Stat1 expression levels were revealed by reprobing the membrane with antibody to total p38 MAPK (p38). *C* and *D*, BMDMs from IFNAR1^--/--^ (*C*), IRF3^--/--^ (*D*), and control (WT) mice were exposed to GAS for the indicated times, and total mRNA was extracted, reverse-transcribed, and analyzed by qRT-PCR for *Mx2* after normalization to GAPDH. *E*, BMDMs from IFNAR1^--/--^ and control (WT) mice were infected with GAS (MOI 100). IFN-β expression was analyzed by qRT-PCR after normalization to GAPDH. *Bars*, S.D. of three experiments.

*GAS Stimulates IFN Signaling Independently of Cytolysins*---The TLR-independent IFN-β induction by GAS was surprising, since GAS is generally regarded as an extracellular pathogen that has only a limited capacity to survive in host cells ([@ref4]--[@ref7]). For the so far characterized induction of IFN-β production by Gram-positive bacteria, the expression of cytolysins was required ([@ref12], [@ref23], [@ref24]). Cytolysins are thought to enable cytoplasmic escape of phagocytosed bacteria. In addition, cytolysins were also shown to directly stimulate IFN production ([@ref25]). The GAS genome contains genes for two cytolysins. The *slo* gene encodes SLO (streptolysin O), which resembles other known cytolysins (*e.g.* listeriolysin, pneumolysin, and anthrolysin) in terms of sequence, sensitivity to oxygen, and cholesterol binding ([@ref59], [@ref60]). The other cytolysin, SLS (streptolysin S), is encoded by the *sagA* gene, which is unrelated to the cholesterol-binding cytolysins ([@ref60]). To examine whether the GAS-derived cytolysins play a role in GAS-induced IFN signaling, *sagA* (SLS)-deficient, *slo* (SLO)-deficient, and double *sagA*/*slo*-deficient mutants were generated and used in infection assays. Analysis of Stat1 activation revealed that neither the deletion of the single cytolysin genes (data not shown) nor the double deletion ([Fig. 5*A*](#fig5){ref-type="fig"}) caused a reduction of GAS-induced IFN signaling. The inflammatory signaling was also not dependent on the expression of the GAS cytolysins, as shown by p38 MAPK activation ([Fig. 5*B*](#fig5){ref-type="fig"}). These findings suggest that the ability of GAS to induce IFN-β synthesis may not require a contact of GAS components with the still unknown cytoplasmic receptor that is used by other Gram-positive bacteria for IFN-β induction.

DISCUSSION
==========

GAS is the etiological agent of a variety of human diseases. The heterogeneity of GAS diseases arises in part from the high diversity of GAS-mediated host-pathogen interactions in which virulence factors, GAS genome composition, prophage DNA, and plasticity of the GAS transcriptome play key roles ([@ref2], [@ref61]--[@ref64]). A major factor influencing the severity of GAS infections is also the genetic inventory of the host. In humans, the differences in susceptibility to severe GAS diseases were mapped to the major histocompatibility complex locus ([@ref65]). More severe infections and a generalized toxic shock syndrome appear to be associated with higher expression of inflammatory cytokines in both humans and mice ([@ref66]). Cytokine production in GAS responses is regulated by T cells through GAS superantigens and the as yet poorly understood activation of innate immune cells. Our findings demonstrate that GAS is able to induce cytokines in macrophages through MyD88-dependent and -independent pathways. The identity of the GAS-recognizing receptor upstream of MyD88 poses an intriguing question, since our study rules out the exclusive involvement of the most prominent bacteria-recognizing receptors, TLR2, TLR4, and TLR9, or their combination. Other MyD88-dependent TLRs are the flagellin receptor TLR5 and the single-stranded RNA receptors TLR7 and TLR8 ([@ref8]). Involvement of these receptors in GAS-induced MyD88-dependent signaling is not likely, since flagellin or a similar protein has not been found in GAS, and single-stranded RNA is associated with viral recognition. However, the role of these receptors cannot be entirely excluded, because PRRs are, in general, not specific for a single molecule. For example, TLR2 was reported to cooperate with dectin-1 in recognition of fungi ([@ref67]). We ruled out the role of signaling through the IL-1R, which is known to be MyD88-dependent. IL-1 can be released by infected cells as a result of inflammasome-mediated caspase 1 activation, which is required for IL-1β processing ([@ref68]). Although we did not address the GAS-mediated IL-1 production, a role for IL-1 as a possible mediator of the MyD88-dependent responses can be excluded. A function of IL-18 as another molecule requiring MyD88 for signaling is rather unlikely, since the IL-18 receptor is predominantly expressed on Th1 cells, whereas a prolonged treatment with *e.g.* IL-18 plus IL-12 is required for stronger expression in monocytic cells ([@ref69], [@ref70]). The ability of GAS to induce MyD88-dependent signaling independently of TLR2/4/9 may not be unique, since other Gram-positive pathogens have been reported to initiate inflammatory responses in the absence of multiple TLRs. For example, heat-inactivated group B streptococci and *Streptococcus pneumoniae* as well as spores of *Bacillus anthracis* induce MyD88-dependent responses in TLR2-, TLR4-, and TLR9-deficient macrophages or splenocytes ([@ref71]--[@ref73]). Despite the fact that TLR2/4/9 triple-deficient cells were not used in these studies, they support our hypothesis that some Gram-positive pathogenic bacteria are recognized by an as yet unidentified receptor upstream of MyD88.

FIGURE 5.**GAS-derived cytolysins SLO and SLS are not required for induction of IFN and stress signaling.** *A* and *B*, BMDMs from wild-type mice were infected with either *S. pyogenes* WT strain or the isogenic mutant strain *sls/sagA* lacking both *sagA* (SLS) and *slo* (SLO) genes. At the indicated time points, activation of Stat1 (*A*) and p38 MAPK (*B*) was detected by Western blot analysis using antibodies to Tyr^701^-phosphorylated Stat1 (pY-S1) and phosphorylated p38 MAPK (pp38). Equal protein loading was confirmed by reprobing the membranes with antibody to total Stat1 and p38 MAPK (p38), respectively. The data shown represent one of at least three independent infection experiments.

The surprising finding that GAS is able to induce IFN-β independently of cytolysins represents another so far unique feature of GAS-induced responses in innate immune cells. In this regard, GAS-derived streptolysins are different from several other cytolysins that have been reported to induce IFN-β synthesis through activation of TLR4 ([@ref25]). Another proposed mechanism of IFN-β induction by Gram-positive bacteria (*e.g. L. monocytogenes*) involves listeriolysin O-dependent liberation of bacteria and/or bacterial components from phagosomes ([@ref12], [@ref23], [@ref24]). Although GAS is a prototype extracellular pathogen, it can be efficiently internalized by many phagocytic and nonphagocytic cells. However, GAS survives only for a short period of time in host cells due to degradation in lysosomal and autophagosomal compartments ([@ref5], [@ref6]). Interestingly, *Bacillus subtilis* engineered to express streptococcal SLO was not able to survive or multiply in infected cells, as opposed to listeriolysin O-expressing *B. subtilis* ([@ref74]). This observation suggests that SLO, which displays a high degree of similarity with listeriolysin O, cannot mediate cytoplasmic escape. Thus, the reported data together with our findings support the hypothesis that GAS stimulates IFN-β synthesis by a novel mechanism that does not require cytoplasmic escape. Interestingly, the signaling events that culminate in Stat1 activation and transcription of IFN-responsive genes follow the well established pathway involving the transcription factor IRF3 and the type I IFN receptor but independent of MyD88. The increased IFN signaling in MyD88^--/--^ cells may be explained by reduced expression of the inhibitor of IFN signaling SOCS1 ([@ref75]). SOCS1 expression is known to be dependent on p38 MAPK ([@ref76]), which we show in our study to be strongly reduced in GAS-infected MyD88^--/--^ cells.

Our work demonstrates the ability of GAS to induce multiple inflammatory responses via in part novel recognition mechanisms. MyD88-dependent TLR2/TLR4/TLR9-independent signaling and cytolysin-independent IFN-β induction are so far exceptional characteristics of host cell responses to infection. Since GAS induces proinflammatory cytokine and IFN production in human macrophages ([@ref51]), we assume that our findings are not restricted to the murine system, which, in the context of the whole organism, is considerably more resistant to GAS infection ([@ref66]). The efficient stimulation of multiple signaling pathways may contribute to the known high capability of GAS to cause severe inflammatory diseases.
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